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Abstract

Aim: Accurate prognostic assessment using biochemical indices is essential for
personalized management of primary liver cancer in community-level hospitals. This study
aimed to construct and validate a Cox regression-based nomogram integrating these
indices with clinicopathological data to predict overall survival (OS).

Methods: In this retrospective study, 1,124 patients with primary liver cancer were
randomly allocated in a 7:3 proportion into training and validation cohorts. Univariable and
multivariate Cox proportional hazards analyses were performed to identify independent
prognostic factors and establish a nomogram for predicting OS at 1, 3, and 5 years. The
model’s discrimination was assessed via the concordance index (C-index) and time-
dependent receiver operating characteristic (ROC) curves. Furthermore, calibration curves
and decision curve analysis (DCA) were utilized to evaluate predictive agreement and
clinical utility.

Results: Multivariate analysis identified an elevated aspartate aminotransferase/alanine
aminotransferase (AST/ALT) ratio, high alpha-fetoprotein (AFP =2 400 ng/mL), reduced
body mass index (BMI < 18.5 kg/m?), and advanced tumor-node-metastasis (TNM) stage
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as independent adverse predictors for OS, while surgical resection and hepatitis history favored survival. The
nomogram showed moderate discrimination, yielding C-indices of 0.678 (training cohort) and 0.659 (validation
cohort), with corresponding areas under the curve (AUCs) for years 1, 3, and 5 of 0.725, 0.733, and 0.779 in the
training cohort and 0.700, 0.718, and 0.750 in the validation cohort. Furthermore, the model effectively stratified
patients into distinct prognostic risk groups (log-rank test P < 0.001).

Conclusion: This nomogram may assist clinicians in risk stratification and survival estimation for primary liver cancer
patients in primary-level healthcare settings.

INTRODUCTION

Globally, liver cancer ranks as the sixth most diagnosed malignancy and represents the third leading
contributor to oncological mortality, accounting for approximately 7.8% of total cancer-related fatalities".
While worldwide incidence rates have shown periodic fluctuations, the overall count of newly diagnosed
patients exhibits a persistent upward trajectory!; projections suggest that annual new cases will approach
1.52 million by 2050, representing an approximate two-fold increase relative to figures documented in
2022"). In China, the cancer burden has grown, partly because of population growth and aging. In 2021,
China’s age-standardized mortality rate (ASMR) reached 17.95 per 100,000 individuals, substantially
exceeding the international benchmark of 8.7 per 100,000'*°". Furthermore, notable domestic regional
variations exist, with rural populations experiencing higher morbidity and mortality compared to urban
residents'*®. Higher hepatitis B virus (HBV) prevalence and environmental exposures in rural areas may
contribute to this disparity, as may limited access to advanced diagnostic services'. These disparities
underscore the need for prognostic tools based on readily available clinical and biochemical indicators that
primary care providers can use at relatively low cost. Despite therapeutic and diagnostic innovations, long-
term survival for individuals with primary liver cancer remains unsatisfactory""”. This unfavorable prognosis
stems largely from pronounced biological heterogeneity, infrequent detection at early stages, and high rates
of post-surgical recurrence.

Currently, the Barcelona Clinic Liver Cancer (BCLC) system serves as the primary staging framework for
managing hepatocellular carcinoma (HCC) - the predominant histological subtype of liver cancer!'.
However, the BCLC classification has limitations in clinical practice, particularly the high heterogeneity of
patients within stages B and C. Patients within the same stage can differ markedly in tumor burden, liver
function, and survival, limiting individualized prognostic assessment"'?. Additionally, although the tumor-
node-metastasis (TNM) staging system effectively evaluates anatomical tumor burden, it does not fully
capture factors relevant to treatment decisions or individual prognosis'*’. To address the limitations of
conventional staging systems, models that integrate multiple clinical variables have been developed. Both
tumor burden and host functional reserve influence prognosis in liver cancer. Survival analysis commonly

[14,15]

uses Cox proportional hazards modeling to evaluate multiple patient variables simultaneously

Using this framework, this study combined routinely measured clinicopathological parameters to build a
survival model for primary liver cancer. The goal was to provide primary care clinicians with a practical tool
to support risk stratification, especially in settings with limited access to specialized diagnostics.

METHODS

In this retrospective, population-based cohort design, patient records were derived from the Hebei Provincial
Cancer Registry. The registry covers 11 prefecture-level cities and 2 provincially administered county-level
cities in Hebei Province, and its cancer registries cover all counties and districts in the province. Patients
diagnosed with primary liver cancer from January 2012 through December 2018 were included. Because
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specific histological variants - namely HCC, intrahepatic cholangiocarcinoma (ICC), and combined
hepatocellular-cholangiocarcinoma (cHCC-CCA) - were not systematically documented in the registry, all
eligible cases of primary liver cancer were evaluated as a combined cohort. The following conditions were
required for enrollment: (1) a definitive diagnosis of primary liver cancer, confirmed pathologically or
according to accepted clinical criteria; (2) age 2 18 years; (3) treatment-naive status, defined as no prior
antineoplastic therapy for the current primary liver cancer; and (4) available survival data. The exclusion
criteria comprised: (1) missing survival information or lacking vital follow-up records; and (2) concurrent
active malignancy, or a history of another malignancy without documented clinical cure. Ethical approval for
this study was granted by the Medical Ethics Committee of The Fourth Hospital of Hebei Medical University
(approval No. 2026KS121). The requirement for informed consent was waived by the committee because of
the retrospective nature of the study.

The primary outcome measure was overall survival (OS), calculated from the date of diagnosis until death
from any cause; surviving individuals were censored at the final follow-up visit. Follow-up concluded in
December 2023. Variables incorporated into the analysis encompassed demographic characteristics,
laboratory parameters, tumor-related indicators, and therapeutic interventions. Cirrhosis, vascular invasion,
tumor burden (size and count), Child-Pugh score, albumin-bilirubin (ALBI) grade, and Eastern Cooperative
Oncology Group (ECOG) performance status were not routinely recorded and thus could not be included in
the analysis. These factors are clinically important for prognosis in liver cancer, and their omission might
restrict the model’s prognostic accuracy.

Demographic variables encompassed age, sex, body weight, height, smoking history, hepatitis history,
alcohol consumption history, and family history of malignancy among first-degree relatives. Alcohol
consumption history was categorized as never, former, or current drinking. Detailed information on
drinking duration and average daily alcohol intake was not uniformly recorded. Hepatitis history was
defined as a documented history of chronic HBV or hepatitis C virus (HCV) infection. Because detailed
information on other underlying hepatic conditions [such as metabolic dysfunction-associated
steatohepatitis (MASH)] was not uniformly recorded, these conditions were not included in the definition of
hepatitis history. Family history was defined as any documented malignancy in first-degree relatives,
including parents, siblings, and offspring. Body mass index (BMI) was computed by dividing weight in
kilograms by the kg/m’. Based on previous literature"*’, BMI was stratified into four tiers: < 18.5 kg/m?
(underweight), 18.5-23.9 kg/m* (normal range), 24.0-27.9 kg/m’ (overweight), and 2 28.0 kg/m’ (obesity).
Laboratory indicators included alpha-fetoprotein (AFP), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST). AST and ALT have been associated with prognosis in liver cancer""”. The AST/ALT
ratio incorporates both measurements and was treated as a continuous metric in the analysis. Using 7 ng/mL
as the upper limit of normal under the Chinese health industry standard WS/T 645.2-2018""*/, AFP was
categorized into three strata: < 7 ng/mL (normal), 7-399 ng/mL (elevated), and 2 400 ng/mL (high). This 2
400 ng/mL cutoft aligns with the 2024 Edition of the China Liver Cancer Guidelines, wherein serum AFP 2
400 ng/mL is highly suggestive of liver cancer'”. Tumor-related characteristics included tumor location and
TNM stage. Therapeutic interventions included surgical resection, chemotherapy, and interventional
therapy. The data of primary liver cancer confirmation served as the index date. Treatment variables were
recorded as first-line treatments received after diagnosis and incorporated as static (time-fixed) covariates
within the post-treatment model. The model was intended for prognostic assessment after the initial
treatment decision, rather than for prediction at diagnosis. Treatment variables were interpreted as
prognostic associations not causal effects.

Missing data were minimal, with less than 5% missing values for all variables. Complete-case analysis was
therefore used, and no imputation was performed. The distributions of continuous variables were assessed,
and log transformation was applied where appropriate. Using a 7:3 allocation ratio, the complete dataset was
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randomly partitioned into training and validation cohorts. Derivation procedures - including variable
selection and data preprocessing - were confined exclusively to the training cohort, with the finalized model
subsequently assessed in the validation set. For bootstrap internal validation, the entire modeling procedure
was repeated within each bootstrap sample.

All statistical computations were executed in R software (4.4.3). Survival distributions were generated via
Kaplan-Meier analysis and compared through the log-rank test. Candidate predictors were initially screened
using univariable Cox regression. Parameters exhibiting P < 0.1 were subsequently incorporated into
multivariable Cox proportional hazards modeling; BMI was retained a priori owing to its recognized clinical
importance in liver cancer. Effect estimates for multivariable model covariates were reported as hazard ratios
(HRs) with corresponding 95% confidence intervals (CIs).

Forest plots summarized the multivariable results, and a prognostic nomogram was established to estimate 1-,
3-, and 5-year survival probabilities. A nomogram assigns points to predictors according to their
coefficients in a multivariable model; the cumulative score directly reflects the estimated probability of the
outcome. Discrimination was appraised using the concordance index (C-index), where 0.5 denotes random
chance, 1.0 represents ideal discrimination, and 0.60-0.70 reflects moderate performance. In our analysis,
discriminative capacity was evaluated via the C-index, time-dependent receiver operating characteristic
(ROC) curves, along with corresponding area under the curve (AUC) values at 1, 3, and 5 years. Calibration
plots were used to evaluate the agreement between predicted and observed survival. To evaluate clinical
utility, decision curve analysis (DCA) was conducted using the traditional TNM staging framework as a
reference standard. Net benefit was determined over varying threshold probability ranges for 1-, 3-, and 5-
year OS.

Verification of the proportional hazards (PH) assumption was performed via Schoenfeld residual analysis. A
residual test P-value < 0.05 indicated violation of the PH assumption for the corresponding covariate.
Absolute calibration was quantitatively evaluated at 1, 3, and 5 years using the mean absolute error (MAE)
derived from the Integrated Calibration Index (ICI) across 500 bootstrap iterations. Model robustness was
evaluated through five distinct sensitivity analyses: (1) a cluster-robust variance model; (2) a stratified Cox
model with the three most severely violating variables (tumor location, interventional therapy, and surgery)
as stratification factors; (3) a parametric Weibull Accelerated Failure Time (AFT) model, which relaxes the
PH assumption, to assess the stability of individual survival predictions against the Cox model; (4) bootstrap
internal validation with 500 resamples, reporting both the apparent and optimism-corrected C-indices
(calculated by deducting the average bootstrap optimism from the apparent estimate); and (5) split-sample
validation using the independent validation cohort. Statistical significance was defined as a two-tailed P-
value < 0.05 across all analyses.

RESULTS

Prognostic factor analysis

Altogether 1,124 primary liver cancer patients fulfilling the eligibility criteria were assigned in a 7:3
proportion into a training cohort (n = 791) and a validation cohort (n = 333). Patients’ characteristics
between the training and validation cohorts were comparable across baseline parameters [Table 1], including
demographic, clinicopathological, and treatment-related variables, including age, BMI, sex, TNM stage, AFP
levels, AST/ALT ratio, and therapeutic modalities. In this registry cohort, 5-year OS was 22.8% and 22.9% for
the training and validation groups, respectively.

To examine the associations between clinicopathological features and OS, we performed Kaplan-Meier
survival analysis [Figure 1] and univariable Cox regression. In univariable analysis, the AST/ALT ratio (per
unit), T3 and T4 vs. T1, N1 vs. No, M1 vs. Mo, and high AFP levels (= 400 ng/mL) were each significantly
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Table 1. Baseline characteristics of patients

Variables Level Training cohort (n = 791) Validation cohort (n =333) P
Age (years), mean £+ SD 57.84+£10.26 58.31+9.95 0.485

Underweight 31(3.9) 10 (3.0) 0.250

Normal 379 (47.9) 180 (54.1)
BMI, n (%)

Overweight 293 (37.0) 106 (31.8)

Obese 88 (1.1) 37.(11.1)

Male 630 (79.6) 274(82.3) 0.350
Gender, n (%)

Female 161(20.4) 59 (17.7)

Never 371(46.9) 167 (50.2) 0.551
Smoking history, n (%) Current 294 (37.2) 13 (33.9)

Former 126 (15.9) 53 (15.9)

Never 417 (52.7) 179 (53.8) 0.707
Alcohol consumption history, n (%) Current 323(40.8) 129 (38.7)

Former 51(6.4) 25(7.5)

No 358 (45.3) 150 (45.0) 1.000
Hepatitis history, n (%)

Yes 433 (54.7) 183 (55.0)

No 703 (88.9) 288 (86.5) 0.303
Family history, n (%)

Yes 88 (1.1) 45 (13.5)

Left lobe 162 (20.5) 79 (23.7) 0.101
Tumor location, n (%) Right lobe 461(58.3) 171(51.4)

Bilobar 168 (21.2) 83(24.9)

T 191 (24.1) 81(24.3) 1.000

T2 155 (19.6) 65 (19.5)
T stage, n (%)

T3 248 (31.4) 104 (31.2)

T4 197 (24.9) 83(24.9)

NO 415 (52.5) 156 (46.8) 0.098
N stage, n (%)

N1 376 (47.5) 177 (53.2)

MO 426 (53.9) 186 (55.9) 0.583
M stage, n (%)

M1 365 (46.1) 147 (44.1)

Normal 225 (28.4) 85 (25.5) 0.561
AFP, n (%) Elevated 264 (33.4) 112 (33.6)

High 302(38.2) 136 (40.8)
AST/ALT ratio, mean + SD 1.40+1.24 1.41+1.09 0.988

No 534 (67.5) 234(70.3) 0.402
Surgery, n (%)

Yes 257 (32.5) 99 (29.7)

No 535 (67.6) 212 (63.7) 0.223
Chemotherapy, n (%)

Yes 256 (32.4) 121(36.3)

No 341(43.1) 145 (43.5) 0.946
Interventional therapy, n (%)

Yes 450 (56.9) 188 (56.5)
1-year survival rate, % (95%Cl) 56.8 (53.4-60.3) 55.6 (50.5-61.2)
3-year survival rate, % (95%Cl) 33.0 (29.9-36.4) 32.1(27.4-37.5)
5-year survival rate, % (95%Cl) 22.8 (20.0-25.9) 22.9 (18.8-27.9)

Note: Data are presented as mean + SD for continuous variables and as n (%) for categorical variables. P-values were calculated using the
independent Student's t-test for continuous variables and the Pearson’s chi-squared test for categorical variables; these tests are descriptive and do
not imply equivalence between the randomly split cohorts. Binary variables are presented as No/Yes (including surgery, chemotherapy,
interventional therapy, hepatitis history, and family history), except Stage N (NO/N1) and Stage M (MO/M1). T stage is presented as T1-T4.
Smoking history was categorized as never, former, or current smoking. Alcohol consumption history was categorized as never, former, or current
drinking; detailed drinking duration was not uniformly recorded. BM| was categorized as underweight (< 18.5 kg/m?), normal weight
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(18.5-23.9 kg/m?), overweight (24.0-27.9 kg/m?), and obese (= 28.0 kg/m?). AST/ALT ratio was analyzed as a continuous variable. Hepatitis
history was defined as a documented history of chronic HBV or HCV infection; detailed hepatitis type was not uniformly recorded. Family history
was defined as any malignancy among first-degree relatives. SD: Standard deviation; BMI: body mass index; AST: aspartate aminotransferase; ALT:
alanine aminotransferase; AFP: alpha-fetoprotein; HBV: hepatitis B virus; HCV: hepatitis C virus; Cl: confidence interval; T stage: primary tumor; N
stage: regional lymph node involvement; M stage: distant metastasis.
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Figure 1. Kaplan-Meier survival curves for OS stratified by clinical characteristics. (A-D) OS curves stratified by clinical characteristics: (A)
T stage (T1, T2, T3, T4); (B) N stage (NO vs. N1); (C) M stage (MO vs. M1); (D) AFP levels (Normal, Elevated, High). Log-rank tests were
used to compare survival differences between groups. The “Number at risk” tables below each plot indicate the number of patients
remaining at each time point. AFP: Alpha-fetoprotein; OS: overall survival; T stage: primary tumor; N stage: regional lymph node
involvement; M stage: distant metastasis.

associated with OS (all P < 0.001; Table 2), whereas T2 vs. T1 was not statistically significant (P = 0.088).
Conversely, surgical resection, chemotherapy, interventional therapy, and hepatitis history correlated with
improved OS (P < 0.05 for all). Age, sex, smoking and alcohol habits, and family history of malignancy
showed no significant correlation with OS.

Multivariable Cox regression revealed several independent predictors of worse OS. These included the
AST/ALT ratio (per unit: HR = 1.09, 95%CI: 1.03-1.15; P = 0.001), underweight status (vs. normal weight: HR
=1.62, 95%CI: 1.08-2.44; P = 0.021), high AFP level (2 400 ng/mL vs. normal: HR = 1.62, 95%CI: 1.31-2.01; P
< 0.001), and advanced TNM stage (T4: HR = 1.45, 95%CI: 1.14-1.85; N1: HR = 1.29, 95%CI: 1.09-1.52; M1:
HR =1.51, 95%CI: 1.28-1.78; all P < 0.01). Conversely, independent protective factors against mortality
included surgical resection (HR = 0.63, 95%CI: 0.52-0.77; P < 0.001) and hepatitis history (HR = 0.81, 95%CI:
0.69-0.96; P = 0.013) [Table 2].
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Nomogram development and model performance

Using the factors retained in the multivariable model, a prognostic nomogram was established to estimate 1-,
3-, and 5-year OS for primary liver cancer patients, along with the corresponding forest plot [Figure 2]. The
model showed moderate discriminative capacity, yielding a C-index of 0.678 for the training cohort and
0.659 for the validation cohort. Time-dependent ROC analysis revealed 1-, 3-, and 5-year OS AUCs of 0.725,
0.733, and 0.779 in the training cohort, alongside 0.700, 0.718, and 0.750 within the validation cohort
Calibration was closest at 3 years, with greater deviations at 1 and 5 years [Figure 4]. Quantitative assessment
of absolute prediction errors showed a low MAE of 0.0167 at 3 years, along with noticeable discrepancies at 1
year (MAE = 0.2485) and 5 years (MAE = 0.1174) [Supplementary Table 1]. DCA revealed superior clinical
net benefit for the nomogram over the TNM staging system regarding 3- and 5-year OS across broad
threshold probability ranges, while showing equivalent utility at 1 year [Figure 5].

Risk stratification and survival analysis

Using the median risk score of the training cohort as the cutoff value, patients were separated into low- and
high-risk categories; this identical threshold was subsequently implemented in the validation cohort. Kaplan-
Meier curves demonstrated significantly reduced OS for high-risk patients compared with low-risk
counterparts across both cohorts (log-rank P < 0.001; Figure 6), confirming the model’s capacity to
discriminate patient risk.

Sensitivity analysis

After fitting the Cox PH model, we assessed the PH assumption using Schoenfeld residuals. Covariates
displaying P < 0.05 upon Schoenfeld residual testing comprised interventional therapy, surgery, tumor
location, BMI, M stage, chemotherapy, and N stage. As a sensitivity analysis, we fitted a stratified Cox model
in which the three most severely violating variables (tumor location, interventional therapy, and surgery)
were included as stratification factors. The stratified model produced a training-cohort C-index of 0.636,
which was lower than that of the primary unstratified model (C-index = 0.678). In a stratified model, HRs are
not estimated for the stratification variables. After stratification, the global PH test remained significant (P =
0.005), indicating residual non-proportionality; therefore, findings from this stratified analysis warrant
cautious interpretation. Despite the reduction in C-index, the directions of the remaining key predictors
(AST/ALT ratio, AFP, and TNM stage) were consistent with the primary model, providing partial support
for the stability of the main associations. Furthermore, the cluster-robust variance model achieved a C-index
of 0.678. On bootstrap internal validation, the apparent and optimism-corrected C-indices were 0.678 and
0.665, respectively, while split-sample validation demonstrated a C-index of 0.659 [Table 3]. In addition,
sensitivity analysis using a non-proportional Weibull AFT model showed strong consistency with the
primary Cox predictions (r = 0.9994, P < 0.001, Supplementary Figure 1), suggesting that non-proportional
hazards had limited influence on individual risk stratification.

DISCUSSION

Despite advances in liver cancer treatment, substantial geographic differences in survival persist.
Epidemiological data indicate that the 5-year relative survival among liver cancer patients in China is
approximately 14.4% ", considerably lower than the 22% observed in the United States during the same
period”". Differences in early screening coverage may contribute to this gap. The gap also highlights the need
for prognostic models suited to local populations to inform clinical decisions. In this cohort of 1,124 patients
with long-term follow-up, we identified the AST/ALT ratio, AFP level, BMI, TNM stage, surgical treatment,
and history of hepatitis as independent prognostic factors for OS, consistent with previous reports>>.
Leveraging these identified variables, a predictive nomogram was established.
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Figure 2. Multivariate Cox regression analysis and the established prognostic nomogram. The panels (A and B) show: (A) Forest plot
showing the independent prognostic factors for OS; (B) A nomogram for predicting 1-, 3-, and 5-year OS probabilities, including AST/ALT
ratio, AFP level, BMI, T stage, N stage, M stage, surgical treatment, and hepatitis history. The score for each variable is summed to obtain
the total points, which correspond to the predicted survival probabilities at the bottom axes. AST/ALT ratio was analyzed as a continuous
variable (per unit). BMI was analyzed as a categorical variable (Normal, Underweight, Overweight, Obese). Treatment-related variables
were recorded as first-line treatments after diagnosis and included as time-fixed covariates in the post-treatment prognostic model; they
should be interpreted as prognostic factors rather than causal factors. HR: Hazard ratio; Cl: confidence interval; OS: overall survival; AST:
aspartate aminotransferase; ALT: alanine aminotransferase; AFP: alpha-fetoprotein; BMI: body mass index; T stage: primary tumor; N
stage: regional lymph node involvement; M stage: distant metastasis.
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Figure 3. Time-dependent ROC curves of the prognostic model. (A and B) ROC curves were used to evaluate the sensitivity and specificity
of the model for predicting 1-, 3-, and 5-year OS: (A) training cohort; (B) validation cohort. AUC values indicate the discriminative
performance at each time point. ROC: Receiver operating characteristic; AUC: area under the curve; OS: overall survival.

First, the model underscores the importance of anatomical stage and surgical treatment in prognostic
assessment. The TNM framework captures anatomical disease burden by evaluating primary tumor
infiltration (T), regional nodal involvement (N), and distant metastatic spread (M). Several recent large
studies have found that TNM stage is independently associated with OS in primary liver cancer**. Previous
multicenter studies have reported C-indices of 0.651-0.678 for TNM staging*”. For patients with early-stage
disease or those with intermediate-stage tumors who are carefully selected, surgical resection continues to be
a vital therapeutic approach”**'. The model was designed as a prognostic assessment tool to be applied after
the initial treatment decision, rather than for prediction at the exact moment of diagnosis. Resection removes
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Table 2. Univariate and multivariate Cox regression analyses
Univariate analysis Multivariate analysis
Variables
HR (95%CI) P-value HR (95%CI) P-value

Age (years) 0.99 (0.99-1.00) 0.082 1.00 (0.99-1.00) 0.445
BMI (kg/m?)

Normal (Ref.) 1.00 - 1.00 -
Underweight 1.37 (0.92-2.05) 0.122 1.62 (1.08-2.44) 0.021
Overweight 0.91(0.77-1.09) 0.312 0.90 (0.76-1.08) 0.261
Obese 0.88 (0.67-1.15) 0.343 0.91(0.69-1.20) 0.506
Hepatitis history

No (Ref.) 1.00 - 1.00 -

Yes 0.79 (0.67-0.92) 0.003 0.81(0.69-0.96) 0.013
AST/ALT ratio (per unit) 118 (1.13-1.23) < 0.001 1.09 (1.03-1.15) 0.001
AFP (ng/mL)

Normal (Ref.) 1.00 - 1.00 -
Elevated 1.07 (0.87-1.33) 0.519 1.06 (0.85-1.32) 0.594
High 1.93(1.58-2.36) <0.001 1.62 (1.31-2.01) < 0.001
T stage

T1(Ref.) 1.00 - 1.00 -

T2 1.25 (0.97-1.61) 0.088 1.02 (0.78-1.33) 0.880
T3 1.65 (1.32-2.07) <0.001 1.25 (0.98-1.57) 0.067
T4 1.89 (1.50-2.38) <0.001 1.45 (1.14-1.85) 0.002
N stage

NO (Ref.) 1.00 - 1.00 -

N1 1.48 (1.26-1.74) < 0.001 1.29 (1.09-1.52) 0.003
M stage

MO (Ref.) 1.00 - 1.00 -

M1 1.75 (1.49-2.06) < 0.001 1.51(1.28-1.78) < 0.001
Location

Left lobe (Ref.) 1.00 - 1.00 -

Right lobe 0.83(0.67-1.01) 0.065 0.85 (0.69-1.05) 0.129
Bilobar 1.23 (0.97-1.56) 0.088 0.96 (0.75-1.23) 0.729
Surgery

No (Ref.) 1.00 - 1.00 -

Yes 0.49 (0.41-0.59) <0.001 0.63(0.52-0.77) < 0.001
Chemotherapy

No (Ref.) 1.00 - 1.00 -

Yes 0.81(0.69-0.97) 0.019 0.87 (0.71-1.07) 0.192
Interventional. therapy

No (Ref.) 1.00 - 1.00 -

Yes 0.81(0.69-0.96) 0.012 0.86 (0.71-1.03) 0.102

Note: Variables with P < 0.1 in univariable analysis were included in the multivariable analysis. BMI was additionally included a priori because of its
established clinical relevance in liver cancer, despite univariable P > 0.1. AST/ALT ratio was analyzed as a continuous variable. AFP was categorized
as normal (< 7 ng/mL), elevated (7-399 ng/mL), and high (= 400 ng/mL), with normal as the reference. Treatment-related variables were
recorded as first-line treatments after diagnosis and included as time-fixed covariates in the post-treatment prognostic model; they should be
interpreted as prognostic factors rather than causal factors. HR: Hazard ratio; Cl: confidence interval; Ref.: reference; T stage: primary tumor; N
stage: regional lymph node involvement; M stage: distant metastasis.
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Figure 4. Calibration curves for predicting 1-, 3-, and 5-year OS. (A-F) Calibration curves for 1-year OS in the training cohort (A) and
validation cohort (B); 3-year OS in the training cohort (C) and validation cohort (D); 5-year OS in the training cohort (E) and validation
cohort (F). The dashed 45-degree line represents ideal prediction, and the solid line represents the performance of the nomogram. A
closer fit to the dashed line indicates better calibration. OS: Overall survival.

tumor tissue, though its survival correlation within an observational dataset likely captures inherent selection
bias. Potential biological influences on postoperative inflammation and tumor progression warrant dedicated
mechanistic exploration®.

The inclusion of routine biochemical markers may make this model more practical in clinical practice,
obtaining a biopsy sample from a patient with liver cancer can be limited by bleeding risk or technical
difficulties related to coexisting severe cirrhosis, coagulation disorders, or challenging tumor locations®***..
Consequently, pathological subtyping may not be feasible for some patients. Compared to invasive
pathological assessments, the AST/ALT ratio and AFP employed in this study are routine preoperative blood
markers. These noninvasive, relatively low-cost tests are standardized and widely available across levels of
care, particularly in primary care settings*.
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Figure 5. DCA for the prognostic nomogram. (A-F) DCA curves for 1-, 3-, and 5-year OS in the training and validation cohorts: 1-year OS in
the training cohort (A) and validation cohort (B); 3-year OS in the training cohort (C) and validation cohort (D); 5-year OS in the training
cohort (E) and validation cohort (F). The nomogram was compared with the TNM staging system, “Treat All”, and “Treat None" strategies.
The Y-axis represents net benefit. The nomogram provided greater net benefit than the TNM staging system for 3- and 5-year OS, while
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the benefit was comparable or slightly better for 1-year OS. DCA: Decision curve analysis; OS: overall survival; TNM: tumor-node-
metastasis.
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Figure 6. Kaplan-Meier survival curves for patients stratified into high- and low-risk groups. Based on the scores from the nomogram,
patients were stratified into high-risk and low-risk groups. (A and B) OS curves show significant discrimination between the two groups in
both cohorts: (A) training cohort; (B) validation cohort (P < 0.001). OS: Overall survival.

Table 3. Sensitivity analysis of primary Cox model

Analysis Cohort  C-index Notes

Primary Cox model Training  0.678 Reference

Primary Cox model with cluster-robust variance Training  0.678 Robust SE

Stratified Cox model Training  0.636 3 variables as strata

Bootstrap internal validation Training 0.678 (apparent) 500 resamples; optimism-corrected

0.665 (optimism-corrected)

Split-sample validation Validation 0.659 Independent cohort

Note: Variables with P < 0.05 in the Schoenfeld residual test included interventional therapy, surgery, tumor location, BMI, M stage, chemotherapy,
and N stage. The three most severely violating variables (tumor location, interventional therapy, and surgery) were included as stratification factors.
After stratification, the global PH test remained significant (P = 0.005), indicating residual non-proportionality. Bootstrap internal validation was
performed with 500 resamples, and the optimism-corrected C-index was calculated by subtracting the mean optimism across bootstrap samples
from the apparent C-index. PH: Proportional hazards; SE: standard error; C-index: concordance index; BMI: body mass index; M stage: distant
metastasis; N stage: regional lymph node involvement.

From a biological perspective, these biochemical markers may capture aspects of both tumor characteristics
and host status. An elevated AST/ALT ratio may reflect hepatocellular injury”®** and changes in
mitochondrial function. AST has a mitochondrial isoenzyme; however, the ratio alone cannot establish the
mechanism. An elevated ratio may also accompany reduced hepatic functional reserve and greater systemic
stress”®*'). AFP is an established tumor marker associated with survival***/. High circulating AFP levels
correlate strongly with tumor progression!*>**; furthermore, AFP is also involved in the molecular
pathogenesis of liver cancer. Preclinical evidence indicates that AFP triggers the phosphatidylinositol
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3-kinase/protein kinase B (PI3K/Akt) pathway, which promotes the propagation of liver cancer stem cells
(LCSCs) and upregulates stemness-associated genes in the tumor microenvironment, which may drive
aggressive malignant phenotypes'*. LCSC markers commonly implicated in this process include epithelial
cell adhesion molecule (EpCAM), cluster of differentiation 133 (CD133), cluster of differentiation 90 (CD90),
cluster of differentiation 44 (CD44), and aldehyde dehydrogenase 1 (ALDH1), with EpCAM and CD133
being the most frequently reported”™. Notably, AFP-mediated activation of PI3K/Akt signaling has been
shown to promote LCSC generation, wherein EpCAM, CD133, and CD44 serve as critical markers in this
process™). AFP has also been linked to immune evasion, including reduced macrophage phagocytic activity,

52,53]

which may weaken antitumor immune surveillance!

Another finding was the association between documented hepatitis history and longer survival. This
counterintuitive association does not imply that viral hepatitis improves survival. Earlier diagnosis through
surveillance, including lead-time bias, may help explain it"*. Patients with a documented history of chronic
hepatitis may receive regular long-term surveillance. Surveillance may detect tumors before symptoms
appear, increasing the opportunity for curative-intent surgery; postoperative antiviral treatment may confer
additional benefits in eligible patients”**”. Conversely, among patients with HCC, those with non-viral HCC
often lack established clinical cues to trigger regular screening; consequently, they frequently present with
higher tumor burdens and advanced disease stages at initial diagnosis, which may limit treatment options
and survival®.

The model’s discrimination is modest compared with that of complex multi-omics or advanced radiomics
models, which often report C-indices above 0.75!%° - its potential advantage is practical feasibility.
Compared with previously published Cox models for liver cancer prognosis!'*'*, this study has several
features. First, our model was developed and internally verified using a regional cancer registry comprising
1,124 primary liver cancer cases with extended follow-up, providing evidence from routine care in this
region. Second, we integrated routinely available biochemical markers (AST/ALT ratio and AFP) with
clinicopathological variables, which may make the model useful where advanced diagnostic resources are
limited. In contrast, previous models have relied on specialized biomarkers such as the heat shock protein
90a/albumin ratio"” or on database-derived variables with limited laboratory information"*. Third, we
performed a series of sensitivity analyses, including stratified Cox regression, cluster-robust variance
estimation, bootstrap internal validation, and split-sample validation, to assess the stability of the findings.
We acknowledge that the stratified model showed a lower C-index (0.636 vs. 0.678) and the global PH
assumption was not fully satisfied after stratification (P = 0.005); therefore, these findings warrant cautious
interpretation. Fourth, according to DCA, our model demonstrated superior net benefit over conventional
TNM staging for 3- and 5-year OS, with similar utility at 1 year. These features warrant further evaluation of
the model in primary care. Most high-performance models rely on genomic sequencing or advanced imaging
features that are frequently unavailable in resource-limited settings. By combining AFP, the AST/ALT ratio,
and treatment information, this model may be feasible at different levels of care, including primary care.

The model also addresses practical constraints in liver cancer care. In clinical practice, obtaining tissue
samples through pathological biopsy often involves significant bleeding risks or technical limitations due to
coexisting severe cirrhosis, coagulation disorders, or challenging tumor locations'. Consequently, precise
pathological subtyping is not always achievable for every patient. Compared to invasive assessments, the
AST/ALT ratio and AFP are routine blood markers that are non-invasive, cost-effective, and highly
standardized!*”. Because liver cancer disproportionately affects rural populations in China'®! - where access
to advanced diagnostic infrastructure is limited, a model based on widely available markers could improve
access to risk stratification. Despite its moderate C-index, the model showed greater net benefit than TNM
staging at 3 and 5 years in DCA. This finding suggests that an accessible tool may help clinicians in

resource-limited settings.
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We also conducted sensitivity analyses. Several covariates violated the PH assumption. A stratified Cox
regression was therefore performed. The stratified model yielded a lower C-index than the primary model,
and the global PH test remained significant after stratification, indicating residual non-proportionality.
Therefore, findings from the stratified model warrant cautious interpretation. Nevertheless, the key
associations for TNM stage, AFP, and the AST/ALT ratio maintained directional consistency with the
primary model, providing partial support for their stability.

Several limitations warrant cautious interpretation. First, the retrospective design of this study may introduce
inherent selection bias. Excluding patients with missing survival data or essential follow-up information may
limit the model’s applicability. Large prospective cohorts are needed to evaluate and refine its predictive
performance in broader populations. Second, several recognized prognostic indicators in liver cancer, such
as cirrhosis, vascular invasion, tumor burden (size and count), ECOG performance status, Child-Pugh score,
and ALBI grade, were not routinely documented and could not be evaluated. Detailed information on
alcohol drinking duration and amount was not available, and alcohol consumption history was therefore
categorized as never, former, or current drinking. Detailed information on underlying liver disease, including
HBV, HCV, and MASH, was not uniformly available. Histological subtypes, including HCC, ICC, and
cHCC-CCA, were not uniformly recorded, and subgroup analyses by subtype could not be performed. The
absence of these variables may limit the predictive performance of the model and may introduce residual
confounding. Missing data were minimal (< 5%), and complete-case analysis was used; however, residual bias
from unmeasured or incompletely recorded variables cannot be fully excluded. Third, several variables
violated the PH assumption, and although cluster-robust variance estimation and stratified Cox regression
were performed as sensitivity analyses, the global PH assumption was not fully satisfied after stratification (P
= 0.005). Sensitivity analysis using a parametric Weibull AFT model showed strong consistency with the
primary Cox predictions (r = 0.9994), suggesting limited distortion in relative risk ranking; however, time-
varying effects may still influence baseline risk estimation. Fourth, while the model demonstrated acceptable
discrimination, absolute calibration varied across time points. Quantitative evaluation confirmed a relatively
low MAE at 3 years (MAE = 0.0167), but noticeable calibration deviations were observed at 1 year (MAE =
0.2485) and 5 years (MAE = 0.1174), likely attributable to early acute hazard dynamics and late right-
censoring, respectively. Consequently, the nomogram is primarily applicable for intermediate-term (3-year)
survival estimation, and predictions at earlier or later time points should be interpreted with caution. Fifth,
the data were derived from a regional cancer registry; its performance in other regions remains to be
established through external, multicenter validation. Moreover, treatment variables were included as
prognostic factors, and treatment-selection bias may exist. In the absence of a landmark analysis, the
potential for immortal-time bias cannot be completely ruled out. Finally, the nomogram provides a static
prediction and does not incorporate longitudinal biomarker trajectories; it may therefore miss changes in
risk during follow-up. Future prospective studies are needed for further validation.

Conclusion

In conclusion, this study identified the AST/ALT ratio, AFP, BMI, TNM stage, surgical resection, and
hepatitis history as independent prognostic factors for OS in patients with primary liver cancer. The Cox
regression nomogram showed moderate discrimination. Calibration was closest at 3 years, with deviations at
1 and 5 years. The tool may help clinicians to identify patients at higher risk and support prognostic
assessment in primary liver cancer.
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